A 2D fluid model was employed to simulate the influence of dielectric on the propagation of atmospheric pressure helium plasma jet based on coplanar dielectric barrier discharge (DBD). The spatio-temporal distributions of electron density, ionization rate, electrical field, spatial charge and the spatial structure were obtained for different dielectric tubes that limit the helium flow. The results show that the change of the relative permittivity of the dielectric tube where the plasma jet travels inside has no influence on the formation of DBD itself, but has great impact on the jet propagation. The velocity of the plasma jet changes drastically when the jet passes from a tube of higher permittivity to one of lower permittivity, resulting in an increase in jet length, ionization rate and electric field, as well as a change in the distribution of space charges and discharge states. The radius of the dielectric tube has a great influence on the ring-shaped or solid bullet structure. These results can well explain the behavior of the plasma jet from the dielectric tube into the ambient air and the hollow bullet in experiments.
Introduction
Atmospheric pressure plasma jets (APPJs), generated in an open space rather than in confined gaps with reactive atomic, molecular, and reactive species, can be used for direct treatment and there is no limitation on the size of the object to be treated. APPJs have attracted considerable attention due to their great potential in healthcare and medicine, materials processing, nanotechnology and electrochemistry [1] [2] [3] [4] . The propagation dynamics of plasma jets is still one of the important issues to understand and control the APPJ. Lu and Laroussi [5] proposed a streamer model to explain the plasma jet. The streamer regarded as an ionization wave moves along the dielectric tube with the ionization of atoms and molecules by electron impact [6, 7] . This was accepted by many researchers. However, some phenomena are not well explained. For example, the velocity of the plasma jet dramatically increases and its length increases when it travels from the dielectric tube to ambient air. In contrast, a plasma jet traveling inside the tube has a relatively steady velocity. Naidis [8] suggested that the air molar composition varies strongly, leading to the decrease of ionization and the end of discharge when the plasma jet moves beyond the tube exit. But why the jump of APPJ velocity occurs in the interface of the dielectric tube and ambient air is not clear. Another fact is that the APPJ bullet seems to be a hollow structure through an intensified charge-coupled device camera, which was first observed in experiments by Teschke et al [9] . This structure was also discovered by others in experiments and simulations (Urabe et al [10] and Naidis [11] ). Naidis also studied the influence of air molar fraction, which resulted from counterdiffusion of the working gas on a hollow structure. But Wu et al [12] found that the plasma bullet becomes a solid shape, from the experiment carried out with 1.5% of N 2 mixing with the working gas. Also, simulations and experiments show that the penning process is not a major factor for a hollow or ringshaped structure [8, 12] . It is necessary to clarify the real reason for the APPJ hollow structure.
In this work, we focus on the effect of the dielectric tube on the propagation and structure of APPJ in helium with a 2D fluid model, with the aim to better understand the propagation of the plasma jet. To examine the role of permittivity of the dielectric tube on the propagation of the plasma jet, these simulations are done by changing the permittivity as well as the radius of the dielectric tube.
Physical model and simulation method
A 2D axially symmetric fluid model was used to simulate an APPJ based on coplanar dielectric barrier discharge (DBD) in this paper. In this model, each species is treated as a separate fluid interacting with surrounding species through collision. In detail, it comprises a coupled system of equations for charged species continuity, electron energy transport and the electric field. The number densities of the species are obtained by solving separate species continuity equations.
The electron continuity equation:
and the positive ion continuity equation:
where n e , n i , Γ e and Γ i are the electron density, ion density, electron flux and ion flux, respectively. Γ e , Γ i are deduced from a drift-diffusion form of the momentum transfer equations, and μ e , μ i , D e and D i are the electron mobility, ion mobility, electron diffusion coefficient and ion diffusion coefficient, respectively. S e and S i are the electron and ion chemistry source terms. The electron flux equation:
The ion flux equation:
The electron energy transport equation: where n m and n j are the electron momentum transfer elastic collisional frequency and inelastic collisional frequency, m and M represent the mass of the electron and helium atom and ε j represents the threshold energy for the jth reaction and G e is the electron energy flux. The total electron energy is assumed to be approximately equal to the mean electron energy.
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e B e T e can be obtained by the electron energy transport equation and the mean electron energy equation. μ e and μ i are supposed to depend on the local electric field. The mobility of electrons is obtained with Boltzmann solver BOLSIG + [13] and the mobility of ions is obtained from [14] [15] [16] [17] . D e and D i are obtained by Einstein relations:
The electric field E is governed by the Poisson equation:
where ε 0 is the permittivity of free space. For all simulations presented in this paper, the background gas temperature is kept at 300 K. Pure helium fills the tube. The tube is long enough, so that the jet is inside the tube and air has no effect on the jet propagation. Therefore, the reactions between helium and air species are not included. Also, the photoionization process is not included because it is not essential in APPJ [10] . The plasma chemistry mechanism used in this model consists of five species and 13 reactions. The species include * + + e, He, He , He , He 2 and the rate coefficient for electron impact reactions is calculated using an offline Boltzmann solver BOLSIG + or from the references listed in table 1.
The simulation domain geometry employed in this paper is shown in figure 1 and is specified as follows. The simulation area is 15×10 cm 2 . Capillary tubes 1 and 2, with the same inner diameter of 0.3 cm and outer diameter of 0.4 cm, have lengths of 3 and 12 cm, and relative permittivity of ε r1 and ε r2 , respectively. The two electrodes are 0.3 cm in width and separated by a gap of 0.9 cm, with the active electrode (noted as 3) and the ground one (noted as 4) at z=1.0 and 2.2 cm. Symmetric boundary conditions are used for dielectric boundaries. Electrostatic potential for the far-field boundaries of the stagnant air ambient region is grounded for all simulations. Ions, electrons and metastable species attached to the dielectric walls are assumed to quench there. The secondary electron coefficient by positive ions is set to be 0.01. The computation grids are generated to discretize the governing equations, and all equations are solved in a decoupled manner on an unstructured mixed mesh grid using a finite volume formulation. Since the initial electron density affects the discharge [22] , it should not be too high or low. Accordingly, we assume in simulation a constant background electron density of n e =10 7 cm −3 . The applied voltage is a squarewave ac power voltage.
Results and discussion
We first simulate the plasma jet generated in the long tube with the relative permittivity of ε r1 =ε r2 =3.7, so that it can be compared directly with the previous experiments carried out by Liu et al [23, 24] and Zhu et al [25] . Figure 2 shows the discharge current and applied voltage waveforms. The applied voltage is 9 kV in amplitude and 3 μs in duration. It can be seen that there is a current pulse in each half-cycle. After being stable, the discharge current pulse during DBD is about 0.61 A in peak value, 9 ns in rise time and 101.6 ns in width. Figure 3 shows the distribution of helium metastable atoms during the formation of DBD and the jet, which can represent well the discharge process in the experiment. The DBD starts from the active electrode (left, temporal anode) and reaches the ground electrode (right, temporal cathode) at t=11.9 ns. Then, the helium metastable atoms move out of the ground electrode, forming the plasma jet after t=15.6 ns. At the beginning, the jet is close to the tube surface, showing a ring-shaped structure (see t=32.3 ns). Then, the jet shrinks to the center after a distance, showing a 'sword' shape in the end (see t=52.1 ns and later). The simulation indicates that the length of the ring-shaped jet increases with the applied voltage. This discharge process is in agreement with the experiments [23] [24] [25] [26] [27] as well as other simulations [7, 28] .
The distributions of electron and space charge during the formation and propagation of the plasma jet (i.e. the plasma generating outside the DBD electrodes) are displayed in figures 4(a) and (b). It can be seen that in the first stage the electrons are denser near the surface than the center, similar to that of He * metastable atoms. Then, the electrons are concentrated in the axis after the jet shrinks. There are net positive charges in space (see figure 4(b) ). They are distributed near the tube surface, but tend to converge to the central axis. All this infers that the jet discharge first occurs along the tube surface and then becomes a volume discharge by shrinking in the center.
From the above, it is revealed that the formation of the plasma jet outside the temporal cathode is related to the highdensity ions above the cathode surface. During DBD, electrons from the cathode move towards the anode, ionizing and exciting He atoms in its path. Since electron velocity is much larger than the ions that arrive at the anode surface and attach there, generally this leaves some net positive charges in space. Above the cathode, ions are much denser than electrons. Some positive ions deposit on the dielectric tube surface enclosed by the ground electrode, to balance the initial potential of the electrode. But there are still high-density ions there, which can induce a strong axial field pointed outwards. The axial field will pull electrons inwards and push ions outwards, causing the discharge to continue developing outwards. This is the formation of the plasma jet outside the DBD electrodes. The process is similar to the experimental observation that also demonstrates the validity of the present simulation.
Actually, the development of the plasma jet can also be seen from the distribution of the axial electric field during the discharge, as shown in figure 5 . At the beginning of the jet formation, the axial field is peaked above the temporal cathode. The peak then moves outwards as the jet develops, accompanied by a decrease of axial field between the DBD electrodes, which indicates the formation of the conductive plasma channel. The developing jet process will sustain until the electric field becomes lower than the breakdown, being about 2.4 kV cm −1 in this calculation. It can also be seen that the jet will be a hollow structure in the first stage, since the jet discharge develops along the inner surface of the dielectric tube at the beginning (see figures 3 and 4) . However, there is a radial electric field in the jet head. The distribution of the radial electric field at different times is shown in figure 6 . The field is stronger near the tube surface, but weaker in the center at the beginning. This radial electric field, pointing to the center, makes the ions tend to concentrate into the center while moving outwards, so that the plasma jet shrinks gradually to form a solid structure. In the meantime, the field near the surface decreases in strength and finally exists mainly in the central area. The structure of the plasma jet, first a hollow one and finally a solid one, is in agreement with the experimental observation [29, 30] .
However, the hollow structure depends on the inner radius of the dielectric tube. If we reduce the radius in simulation, the radial distribution of electrons changes significantly, which represents the change of the jet structure. Figures 7(a)-(c) show the radial distribution of electrons at increasing radius of R=0.05, 0.15 and 0.25 cm, respectively.
At R=0.05 cm ( figure 7(a) ), the electron density is almost the same inside the area of r0.04 cm in the radial direction, indicating a uniform or solid structure of the plasma jet. At R=0.15 cm ( figure 7(b) ), the electrons are denser near the tube surface, but less dense in the center (see t=15.6 ns). As the jet develops outwards, the electron density becomes lower and lower near the surface and the maxima shift to the central axis. The plasma jet shrinks to r0.04 cm away from the symmetrical axis at 390.4 ns ). when the jet head arrives at z=4.2 cm and to r0.01 cm at 1502 ns when the jet head arrives at z=4.5 cm (also see figure 3 ). At R=0.25 cm ( figure 8(c) ), the changing trend of the radial distribution of electron number is similar to that at R=0.15 cm. But the hollow jet is more significant than that at R=0.15 cm, with a greater density difference between the near-surface and the center at the beginning. The plasma jet shrinks to r0.04 cm away from the symmetrical axis at t=390.4 ns when the jet head arrives at z=4.2 cm and to r0.01 cm at t=1509 ns when the jet head arrives at z=4.4 cm. In other words, the plasma jet shows a hollow (or ring-shaped) structure only when the tube radius is larger than a critical size, being about R0.15 cm in the present calculation. This indicates that the hollow jet can only form in a big tube, but not in a small or micro tube. We therefore consider that the observed hollow or ring-shaped bullet in experiments [29, [31] [32] [33] is caused mainly by the tube radius, although the air mixed in the helium flow might also play some role [10, 34] .
From figures 3 and 4, one can also obtain the propagating velocity of the plasma jet. In the simulation, we define the jet head by the position where there is a great change of electron density from 10 11 cm −3 to the background value of 10 7 cm −3 . Then, we can determine the development of the plasma jet as well as the jet velocity accordingly. The jet has a velocity of 10 5 m s −1 at the beginning and then decreases gradually to 10 3 m s −1 before fading away. This is in agreement with the order of the experiment measurement [29, 35, 36] .
However, if the same dielectric tube is not used, the propagation of the jet will change significantly. The developed velocities of the plasma jet with the different relative permittivity of the second dielectric tube (ε r2 =3.7, 3.0 and 1) are shown in figure 8 .
It can be seen that in the single tube, the jet velocity is about 10 5 m s −1 before z=3.5 cm, then decreases gradually, until the jet stops at z=4.7 cm. In the interface of two dielectrics (z=3 cm), however, the jet velocity changes drastically, with the maxima varying from 10 5 m s −1 to 2.5×10 5 m s −1 . Thereafter, the jet velocity decreases until it stops. Before the interface, the velocity first decreases and then increases.
The maximum velocity depends on the difference of the two dielectrics. Figure 9 plots the velocity as a function of the ratio of the permittivity ε r1 /ε r2 .
It can be seen that the greater the difference of two dielectrics, the higher the speed the jet can reach. For instance, with the changing of the relative permittivity of the dielectric tube, the maximum velocity increases from 
2.5×10
5 m s −1 at ε r1 /ε r2 =3.7 to 5.5×10 5 m s −1 at ε r1 /ε r2 =15.
The physical reason possibly comes from the change of the capacitance of the dielectrics where the jet travels, resulting in a change of the radial electric field as well as the distribution of the space charges [37] [38] [39] . The space charges increase in the axial direction and the axial electric field also increases slightly [40] , leading to a higher ionization rate and hence a higher electron density. The enhanced axial electric field will make the velocity increase. However, the change of the relative permittivity of the dielectric tube outside the ground electrode has no effect on the DBD itself.
One of the consequences is the change of the jet length. The length increases with the ratio of the permittivity ε r1 /ε r2 , as shown in figure 10 . The jet length increases slightly from L≈2.4 cm at ε r1 /ε r2 =3.7 to 2.7 cm at ε r1 /ε r2 =15.
Actually, when the plasma jet expands from the dielectric tube (with a larger relative permittivity) into ambient air, the interface of helium-air can act as a limit of gas flow, or an equivalent 'dielectric' (with relative permittivity about ε r2 =1). Then, the jet velocity will increase first and decrease in the tube exit according to the above result. This has been observed by many researchers in experiments [25, 41, 42] . Moreover, the calculated jet length also has the same order as the measured one [25, [41] [42] [43] [44] [45] [46] . We therefore considered that the change of dielectric permittivity of the tube (limiting the gas flow) is the main cause of the change of the jet velocity during propagation. The cross-reactions of helium and air might also influence the development of velocity, but further work is needed in the future.
Conclusion
In summary, a 2D fluid model was employed to investigate the influence of the dielectric tube on the propagation of APPJ based on coplanar DBD. It is shown that the plasma jet forms from the temporal cathode when the DBD is ignited between the two electrodes. The jet first propagates close to the inner surface of the dielectric tube so that a hollow (or ring-shaped) structure of the plasma jet can be observed. But in a small or micro tube, the plasma jet will always be a solid structure. In all cases, the jet will finally become a solid one after moving a certain length. The change of the dielectric tube has great influence on the plasma jet propagation, causing a significant increase of jet velocity after passing the interface of the two different dielectrics. The greater the difference of the two dielectric permittivities, the higher velocity the jet will reach. The jet length also increases consequently. These results can well explain the jet behavior passing from the dielectric tube into ambient air and the phenomenon of the hollow bullet in experiments. Figure 9 . Maximum velocity changing with the ratio of dielectric permittivity ε r1 /ε r2 . Figure 10 . Length of the plasma jet at different ratios of dielectric permittivity.
